Abstract-Aqueous suspensions of nanotubes, as well as the structure and optical properties of their aggre gates (bundles), are studied by spectroscopy and high resolution electron microscopy. The structure of nano particles is controlled by varying the ultrasonication time during preparation of suspensions. It is found that the defectiveness of nanotubes increases with decreasing bundle size. A correlation is shown to take place between the suspension preparation regime, the structure of nanoparticles, and the relaxation of the photo excitation energy of their electronic shells. It is found that the efficiency of photoexcitation energy conversion into heat increases with increasing degree of aggregation of nanotubes into bundles.
INTRODUCTION
In recent years, the attention of researchers has been increasingly attracted by systems based on car bon nanoparticles, which can nonlinearly attenuate laser radiation in a wide spectral range [1] [2] [3] [4] . Some of the most promising objects of this type are suspensions of carbon nanotubes, in particular, single wall carbon nanotubes (SWCNTs) in various solvents [4, 5] . SWCNT suspensions can limit optical radiation due to scattering of incident light from bubbles of near boil ing solvent; in this case, the nanotubes serve as a chan nel of laser light conversion into heat, which is then transferred to the solvent via the microenvironment of nanotubes. The laser light excites the electronic struc ture of nanoparticles, which can relax mainly via two competing nonradiative processes occurring with dif ferent rates, namely, via excitation of π electron plas mons (with a rate of the order of femtoseconds) and via excitation of phonons (vibrational modes) of the carbon skeleton with a rate of the order of picoseconds [6] . In [7] , it has been shown that, initially, photoex cited electrons scatter energy very rapidly due to elec tron-plasmon interactions (resulting in plasmon exci tation), with their energy dissipating more slowly due to electron-phonon interactions only thereafter. However, despite the fact that the plasmon excitation rates are several orders of magnitude higher than the phonon excitation rates, the efficiency of the energy conversion into heat and the ensuing energy transfer to the microenvironment is determined by the relaxation rates of plasmons and phonons themselves. In is natu ral to suggest that the energy to heat conversion effi ciency depends on the path length of plasmon elec trons and should increase with increasing defective ness of the sp 2 structure of the nanotube surface because defects slow down excited plasmons and increase the electron-phonon relaxation efficiency.
It seems rather promising to modify the systems with SWCNTs by locating particles responsible for limiting in close vicinity to each other. The existence of at least one SWCNT with metallic conductivity in this bundle (while such SWCNTs comprise one third of the total number) will lead to collective conductiv ity properties and to the appearance of plasmon reso nances caused by conduction electrons in the entire bundle. In addition, this leads to the appearance of additional vibrational degrees of freedom related to the phonons of the quasi crystalline bundle structure [8] . Thus, the relaxation of photoexcited SWCNTs in the bundle becomes more variable, which enhances the local heat release responsible for optical limiting.
Based on this idea of autosynergism of SWCNTs in the bundle, we state the problem of producing aqueous SWCNT suspensions under various conditions, with the degree of nanomaterial aggregation being con trolled. In this work, we also study the dependences of the optical and structural characteristics of aqueous EXPERIMENTAL METHODS We used SWCNTs synthesized by the arc discharge method at the Prokhorov General Physics Institute, Russian Academy of Sciences, Moscow. These SWCNTs are characterized by a narrow diameter dis tribution, the average diameter being 1.4 ± 0.2 nm. To prepare SWCNT suspensions, a batch of dry powder containing carbon nanotubes, other carbon nanomor phologies, and amorphous carbon impurities, as well as metallic catalyst particles, was added into 1 wt % aqueous solution of sodium dodecylbenzenesulfonate. This surfactant serves as a suspension stabilizer, which, owing to the combination of its adsorption and aggre gation properties, covers the SWCNT surface and forms a microenvironment that prevents agglomera tion of nanotubes due to dispersion interactions [9] [10] [11] . The nanocarbon powder batch was taken in an amount of 1 mg per 1 mL of the surfactant solution. Then, the mixture was ultrasonicated for 1, 3, 15, and 60 min using an UP200H ultrasonic processor from Hielscher with a power of 120 W. At this preparation stage, noticeable portions of nanotubes (individual or in the form of bundles of different sizes) surrounded by the surfactant become isolated from each other. All the suspensions obtained were centrifuged in an Optima Max E Beckman Coulter ultracentrifuge for 1 h with an acceleration of 150000 g. This value of the centrif ugal acceleration ensures the most efficient separation of isolated SWCNTs and their small bundles from var ious impurities and large bundles [12] . For investiga tions, after centrifuging, we chose the upper faction comprising approximately three fourth of the total volume (4 mL) of the processed sample. All the sus pensions were characterized by optical absorption spectroscopy on a PerkinElmer Lambda 950 spectro photometer in quartz cells with path length l = 10 mm within the range from 200 to 1200 nm. The structure of the nanomaterial obtained was studied by cryogenic transmission electron microscopy (Cryo TEM), as well as by absorption, luminescence, Raman, and pump-probe spectroscopies.
In particular, using the Cryo TEM method, we determined the sizes of SWCNT bundles in suspen sions ultrasonicated for different times. A drop of sus pension was spread on a Cu 300 Lacey carbon grid (Ted Pella). The excess of liquid was blotted, and then the sample was vitrified by quickly plunging it into liq uid ethane cooled with liquid nitrogen. The vitrified samples were studied at a temperature of -180°C on an FEI Tecnai 12 G2 TWIN TEM transmission elec tron microscope with a working voltage of 120 kV equipped with a Gatan 626 cooling system. The images were recorded using a Gatan 794 CCD camera.
The luminescence of carbon nanotubes was mea sured using a Solar SDH 4 spectrometer equipped with an InGaAs array from Hamamatsu. To excite the luminescence transitions in SWCNT suspensions, we used an HPR40E 19K100WG white light emitting diode, the intensity distribution curve of which lies within the range 400-700 nm and has two peaks, at wavelengths of 440 and 550 nm. Such a wide spectral distribution of pumping light ensures the excitation into the absorption band of all types of semiconductor SWCNTs existing in the population (transition E 33s ). This pump wavelength range coincides well with the E 33s absorption band for composites with similar SWCNTs studied in [13] .
Raman spectroscopy is an informative and highly sensitive method for investigating nanotube structures. In particular, it allows one to determine the average nanotube diameters by the frequency of the so called radial breathing mode (RBM): ω (cm -1 ) = 223.75/d for tubes with diameter d (nm) [14] . The RBM fre quency for the SWCNT samples that we studied is 164 cm -1 , which corresponds to an average diameter of 1.36 nm.
The Raman spectra were measured at the Geo model Research Center, St. Petersburg State Univer sity, on a Nicolet 6700 Fourier transform spectrome ter with an FT Raman module (excitation wavelength 1064 nm, power 2 W, spectral resolution 2 cm -1 ).
The use of the pump-probe method with a cw laser beam and a micro and millisecond time resolution allows one to obtain the time protocol for relaxation of optical inhomogeneities in fluid systems of SWCNTs with different degrees of aggregation into bundles. The latter circumstance completes the proposed set of methods for investigating material structure and takes into consideration the influence of the photoactive agent (its aggregation) on the efficiency of its excita tion energy conversion into the heat induced forma tion of inhomogeneities in fluid disperse systems, which is functionally important for limiting.
The pump-probe method was carried out in an instrumental design similar to that described in [15] .
For pumping, we used the second harmonic (532 nm) of an LS 2137u pulsed Nd:YAG laser with a pulse duration of 7 ns. As a probe beam source, we used an LGN 302 He-Ne laser operating in the cw mode at a wavelength of 632.8 nm with a power of 0.7 W. Using an optical wedge, we superposed the HeNe laser beam with the pump beam. Then, both beams were focused by an achromatic lens into a spot of 30 µm in size to increase the pump radiation inten sity. The sample was placed in the focal region. After passing through the focusing system, the probe beam was separated from the pump beam using a prism and was fed to a silicon photodiode detector. The signal from the photodetector was digitized by a Velleman PCS500 oscilloscope adapter and visualized on a PC.
